T-cell activation by dendritic cells (DCs) depends on pushing and pulling forces exerted by the Tcell actin cytoskeleton. This process is enhanced by a series of changes in the DC, collectively termed maturation. Using atomic force microscopy, we show that during maturation, DC cortical stiffness is increased via a process that depends on actin polymerization. By manipulating the stiffness of T-cell substrates using stimulatory hydrogels or DCs expressing mutant cytoskeletal proteins, we show that increasing stiffness over the range observed during DC maturation enhances T-cell activation. Stiffness sensitivity is conserved in CD4 + and CD8 + T-cells, in both naïve and effector populations. Since increased stiffness lowers the agonist dose needed to activate naïve T cells, we conclude that mechanical cues function as co-stimulatory signals.
INTRODUCTION
The initiation of an adaptive immune response requires priming of naïve T-cells by professional antigen presenting cells (APCs). This process requires multiple receptor-ligand interactions, which occur in concert at a specialized cell-cell contact site called the immunological synapse 1 .
Through these interactions, APCs transmit a highly orchestrated series of signals that induce Tcell activation and direct differentiation of T-cell populations 2 . While the biochemical aspects of this process have been the subject of many studies, the contribution of mechanical cues is only now being uncovered.
Following initial T-cell receptor (TCR) engagement, T-cells apply pushing and pulling forces on interacting APCs [3] [4] [5] [6] . These forces are essential for proper T-cell activation 7, 8 . Moreover, force application is responsible, at least in part, for the ability of T-cells to rapidly discriminate between agonist and antagonist antigens 9, 10 . While the mechanism by which force is translated into biochemical cues remains controversial [10] [11] [12] , there is evidence that early tyrosine phosphorylation events downstream of TCR engagement occur at sites where applied force is maximal 6 . Interestingly, the amount of force a T-cell applies is directly affected by the stiffness of the stimulatory substrate 4, 5 . Thus, it appears that force application is mechanically coupled to the T-cell's ability to sense stiffness (mechanosensing). In other cell types, substrate stiffness has been shown to affect a variety of cell functions including differentiation, migration, growth and survival [13] [14] [15] [16] [17] [18] [19] [20] . Stiffness sensing in T cells has not been well studied, though there is some evidence that substrate stiffness affects both initial priming and effector functions [21] [22] [23] [24] . Since the physiologically relevant substrate for T-cell priming is the surface of the interacting APC, one might predict that changes in cortical stiffness of the APC will profoundly influence T-cell priming. However, this prediction remained untested, and studies addressing the role of substrate stiffness in T-cell priming did not take into account the physiological stiffness of APCs. 25 . One of the hallmarks of DC biology is the process of maturation. Immature DCs are sentinels of the immune system, specialized for immune surveillance and antigen processing 26 . In response to infection or injury, inflammatory stimuli trigger signaling pathways that induce molecular reprogramming of the cell. The resulting mature DCs express high levels of surface ligands and cytokines needed for efficient T-cell priming 27 . The maturation process is tightly associated with remodeling of the DC actin cytoskeleton. This process underlies other maturation-associated changes such as downregulation of endocytosis and increased migratory behavior 28, 29 . In addition, cytoskeletal remodeling has a direct impact on the ability of mature DCs to prime T-cells 30, 31 . Indeed, depolymerization of actin filaments perturbs the ability of mature peptide-pulsed DCs to activate T-cells, indicating that actin plays an important role on the DC side of the immunological synapse. We hypothesized that maturation-associated changes in the actin cytoskeleton modulate the stiffness of the DC cortex, and promote T-cell priming by providing physical resistance to the pushing and pulling forces exerted by the interacting T-cell.
Dendritic cells (DCs) are the dominant APCs that prime T-cells in vivo
In this work, we aimed to better understand the relationship between DC cortical stiffness and T-cell activation. We show that during maturation, DCs undergo a 2-3 fold increase in cortical stiffness, and that T-cell activation is sensitive to stiffness over the same range. Our results show that stiffness sensitivity is a general trait exhibited by most T-cell populations. Mechanosensing occurs through TCR engagement, and lowers the threshold signal required for T-cell activation.
We conclude that stiffness serves as a novel biophysical costimulatory mechanism that functions in concert with canonical signaling cues to facilitate T-cell priming.
RESULTS

Dendritic cell stiffness increases upon maturation.
During maturation, DCs undergo a set of phenotypic changes that transform them into highly effective APCs 26 . We hypothesized that as part of this maturation process, DCs also modulate their cortical stiffness. To test this, we used atomic force microscopy (AFM) to directly measure cortical stiffness of immature and mature DCs. Murine bone marrow derived DCs (BMDCs) were prepared as described in Materials and Methods and cultured in the absence or presence of LPS to induce maturation. Cells were plated on Poly L-lysine (PLL) coated coverslips and allowed to spread for at least 4 hr prior to measurement of cortical stiffness by AFM micro-indentation.
Because the population of LPS-treated cells was heterogeneous with respect to maturation markers, cells were labeled with fluorescent anti-CD86, and immature (CD86-negative) or mature (CD86 high) cells were selected for AFM measurements. As shown in Figure 1A , immature BMDCs were quite soft, with a mean Young's modulus of 2.2±0.7 kPa. Mature BMDCs were almost twofold stiffer, with a Young's modulus of 3.5±1.0 kPa. Importantly, the stiffness of CD86-negative BMDCs within the LPS-treated population was the same as that of untreated, immature DCs. This demonstrates that the observed increase in stiffness is a property of DC maturation rather than an unrelated response to LPS treatment. Since BMDCs do not recapitulate all of the properties of classical, tissue resident DCs 32-34 , we verified our results by measuring the stiffness of ex-vivo DCs purified from spleens of untreated or LPS-injected mice. Results were very similar; the stiffness of immature splenic DCs was nearly identical to that of immature BMDCs, and LPS treatment resulted in an increase in stiffness of almost 3-fold ( Figure 1B ). These results demonstrate that stiffness modulation is a bona fide trait of DC maturation. Moreover, they establish that the biologically relevant range of DC stiffness lies between 1 and 8 kPa.
The maturation-induced increase in stiffness is actin dependent and substrate independent.
One well-known feature of DC maturation is remodeling of the actin cytoskeleton. This process involves changes in the activation status of Rho GTPases and downstream actin regulatory proteins, and is known to downregulate antigen uptake and increase cell motility 28, 29 . To ask if changes in actin cytoarchitecture also result in increased cortical stiffness, we treated immature and mature BMDCs with the actin-depolymerizing agents Cytochalasin-D or Latrunculin-B. Neither drug affected the stiffness of immature BMDCs, indicating that the basal level of stiffness depends on factors other than the actin cytoskeleton ( Figure 1C ). In contrast, both drugs induced a significant decrease in the stiffness of mature DCs, with Cytochalasin reducing their stiffness to that of immature DCs. We conclude that the increased cortical stiffness observed upon DC maturation is another feature of actin cytoskeletal reprogramming.
Figure 1. DC maturation induces an actin dependent increase in cortical stiffness.
(A) BMDCs were untreated or matured by treatment with LPS, and cortical stiffness was measured by AFM micro-indentation. Fluorescent anti-CD86 labeling was used to select immature (CD86-negative) or mature (CD86 high) cells. (B) Ex-vivo DCs were purified from spleens of untreated mice or from mice injected with LPS 24 hr prior to harvesting the spleen. (C) Immature or LPS matured BMDCs either left untreated or treated with 10µM of the actin de-polymerizing agents Latrunculin-B or Cytochalasin-D prior to AFM measurements. (D) Immature or LPS matured BMDCs were plated on substrates of different stiffness prior to AFM measurements. Each data point represents an average of two stiffness measurements at different locations around a single cell nucleus. Data are pooled from 3 experiments (A) or 2 experiments (B-D). Error bars denote standard deviation. n.s non-significant, **p<0.01, ****p<0.0001 calculated by an unpaired one-way ANOVA, post-hoc Tukey corrected test.
Some cell types regulate their stiffness in response to the stiffness of their substrate 13, 35 . To test whether DCs exhibit this behavior, immature and mature BMDCs were plated on PLL-coated substrates of different compliances (hydrogels of 2 or 25 kPa, or glass surfaces in the GPa range) and allowed to spread on the surface for at least 4 hr prior to AFM measurement. No apparent difference in cell spreading or morphology could be noted on the different PLL-coated hydrogels (data not shown). Hydrogel compliance was verified by measuring the elastic modulus of the surface in areas devoid of cells ( Figure 1 -Figure Supplement 1 ). As shown in Figure 1D , substrate compliance had no effect on cortical stiffness of either immature or mature BMDCs. In control studies, we could readily detect substrate-dependent changes in stiffness of normal fibroblast cells (not shown). Thus, we conclude that DCs maintain a specific cortical stiffness, which is characteristic of their maturation state.
Stiffness increases over the physiological range lower the threshold for T-cell activation.
Our findings raise the possibility that changes in DC cortical stiffness, like other maturationinduced changes, enhance the ability of these cells to prime a T-cell response. Two previous studies showed that T-cell activation is dependent on the stiffness of stimulatory surfaces 21, 22 , but results were conflicting. Moreover, neither study was performed within the stiffness range that we now show is relevant for DCs. Thus, we tested T-cell responses on hydrogels with a stiffness range spanning that of immature and mature DCs (1 -25 kPa). Hydrogel compliance was verified by measuring the elastic modulus of the surfaces directly and stiffness values were found to be similar to those reported by the manufacturer ( 2), ruling out the possibility that differences in T-cell activation are due to differential antibody binding.
The studies above were performed using anti-CD3, which has a very high binding affinity, and which may not appropriately model mechanobiology of TCR  engagement. Thus, we next asked if the observed stiffness sensitivity is conserved when T cells are stimulated with pMHC complexes. Surfaces were coated with varying doses of MHC-II covalently bound to OVA(323-339) peptide (pMHC-II), together with a constant dose of anti-CD28, and used to stimulate ex-vivo, OVA specific, OT-II TCR transgenic CD4 + T-cells. Strikingly, OT-II T cells showed the same stiffness response observed for CD4 + and CD8 + T-cells stimulated with anti-CD3ε antibody (Figure 2E ,F). As an independent means of assessing T-cell activation, we measured IL-2 secretion by ex vivo CD8 + T-cells after 18 hr. As shown in Figure 3A , increased substrate stiffness decreased the dose of anti-CD3ε needed to induce IL-2 secretion. A similar stiffness dependence for IL-2 production was observed for CD4 + T-cells ( Figure 3B ). As with proliferation, IL-2 production by both CD4 + and CD8 + T-cells was significantly enhanced by increases in stiffness over the range observed for DCs . For both T-cell types, we observed a further increase in IL-2 production and proliferation on the 25 kPa and plastic substrates, though the physiological relevance of this is not clear. Since the threshold stimuli (stiffness and dose of anti-CD3ε) required to induce significant IL-2 production and proliferation were very similar, we reasoned that the two might be causally related (i.e. the threshold for proliferation might be driven by the need for IL-2 secretion). To test this, we asked if the addition of exogenous IL-2 would rescue the proliferation of CD4 + T-cells stimulated on soft surfaces. As shown in Figure 3C , exogenous IL-2 did not rescue proliferation.
We conclude that substrate stiffness affects the signaling threshold for IL-2 production as well as other, IL-2 independent events needed for efficient T-cell proliferation. Taken together, our findings point to a mechanism in which stiffer substrates have a sensitizing effect on T-cells, similar to that of classical co-stimulatory molecules such as CD28 36 .
Cytotoxic T-cells also exhibit stiffness dependence.
Whereas naïve T-cells are activated by DCs, effector T-cells interact with many cell types. In particular, cytotoxic CD8 + T-cells (CTLs) must respond to a variety of possible target cells, which may differ widely with respect to stiffness. We therefore reasoned that CTL effectors might be stiffness independent. To test this, ex-vivo CD8 + T-cells were activated on plastic surfaces and grown in the presence of IL-2 to produce mature CTLs. To induce and detect release of cytolytic granules, CTLs were re-stimulated on hydrogels coated with a range of anti-CD3ε concentrations in the presence of fluorescent anti-CD107a antibody, and analyzed by flow cytometry. Somewhat surprisingly, we found that CTL degranulation is stiffness dependent ( Figure 3D ). Interestingly, however, changes in substrate stiffness within the range we measured for most DCs (1-4kPa) had little or no impact on degranulation. Increased degranulation was first detected at 8-12kPa, and was most pronounced on very stiff surfaces (25 kPa and plastic). This may be important for effector function in vivo, where target cells in inflamed tissues may reach this stiffness range. 
T-cells sense stiffness through the T-cell receptor and not CD28.
Mechanosensing usually involves intracellular forces exerted on cell surface receptors bound to
surface-attached ligands. Since TCR triggering is a force-dependent process [3] [4] [5] [6] [7] , we reasoned that stiffness sensing might be TCR dependent. To ask if the process involves the TCR, the costimulatory molecule CD28, or both, we used a strategy developed by Judokusomo et al. 21 . Ex vivo CD4 + T-cells were activated with hydrogels of different stiffness coated with one activating antibody, while the other antibody was coated onto stiff, 6 µm polystyrene beads and presented in trans. To explore the costimulatory dose response, the bead-bound antibodies were titrated from bead saturation to three orders of magnitude lower. Proliferation was measured by CFSE dilution and is presented as division index for the sake of simplicity. In each case, the response of T-cells stimulated in cis with hydrogels coated with both anti-CD3ε and anti-CD28 is plotted as a dashed line to facilitate comparison. When anti-CD28 was coated on the hydrogels, T-cell activation was the same across the entire stiffness range for any given dose of anti-CD3ε ( Figure   4A ). Conversely, when anti-CD3ε was coated on the hydrogels, T-cells exhibited a stiffnessdependent response ( Figure 4B ). A stiffness-dependent response was observed at all doses of anti-CD28, but at higher doses, where T-cell proliferation was robust, there was a sharp increase in proliferation over the stiffness range observed for DCs (1) (2) (3) (4) (5) (6) (7) (8) . Note that the stiffness response to anti-CD3 and anti-CD28 differs somewhat depending on whether the two signals are delivered in cis or trans, possibly reflecting the involvement of mechanical crosstalk between the two molecules 6,37,38 .
Interestingly, we found that very stiff substrates (25 kPa) can induce proliferation even in the absence of any classical CD28 co-stimulation ( Figure 4B and Figure Supplement 1 ). In fact, activation on plastic surfaces eliminates the requirement for CD28 altogether, suggesting that under some extreme (non-physiological) conditions, stiffness signals alone are sufficient to costimulate T-cell activation. Taken together, these findings demonstrate that the TCR, and not CD28, is a T-cell mechanosensor. This conclusion supports and extends previous work addressing this question 21 , by showing that the TCR senses substrate stiffness within the range relevant for DCs.
DC cortical stiffness is primarily controlled by actin polymerization
To better understand the relationship between DC cortical stiffness and T-cell activation, we sought to identify the molecular mechanisms controlling DC cortical stiffness. Several actin regulatory mechanisms are known to change during DC maturation. In particular, mature DCs upregulate the actin bundling protein fascin 39 , they show activation of myosin-dependent processes 40 , and they undergo changes in the activation and localization of Rho-GTPases, which in turn regulate actin polymerization via the Arp2/3 complex and formins 28, 29, 41 . To ask how each of these pathways influences cortical stiffness, we used small molecule inhibitors and DCs from relevant knockout mice. Note that to facilitate comparison between experiments, control immature and mature DCs were tested in each experiment, and results were normalized based on values for mature DCs. First, we tested the role of fascin, which is known to generate very stiff actin bundles in vitro 42 . Surprisingly, the stiffness of BMDCs from fascin-KO mice was indistinguishable from that of WT BMDCs both before and after LPS-induced maturation ( Figure   5A ). Next, we tested the contribution of myosin contractility, which is known to control stiffness and membrane tension in other cell types 43 . As shown in Figure 5B , treating mature BMDCs with the myosin II inhibitor blebbistatin reduced stiffness by a small, albeit statistically significant amount. Similar results were obtained with the Rho-kinase (ROCK) inhibitor Y27623, which indirectly inhibits myosin function. Thus, we conclude that myosin contractility plays a relatively minor role in regulating DC cortical stiffness.
We next tested the possibility that cortical stiffness is modulated by actin polymerization. Broadly speaking, actin polymerization is induced by two sets of proteins: formins generate linear actin filaments, while activators of the Arp2/3 complex produce branched actin structures. As shown in Figure 5B , treatment of DCs with the pan-formin inhibitor SMIFH2 significantly reduced the cortical stiffness of mature DCs. A similar reduction in cortical stiffness was observed after inhibition of Arp2/3-mediated branched actin polymerization by CK666. DCs express multiple activators of Arp2/3 complex, of which two have been implicated in maturation-associated changes in actin architecture: Hematopoietic Lineage Cell-Specific Protein 1 (HS1), the hematopoietic homologue of cortactin 44 , and WASp, the protein defective in Wiskott-Aldrich syndrome [45] [46] [47] . To individually assess the role of these two proteins, we used BMDCs cultured from HS1 and WASp knockout mice. As shown in Figure 5A , loss of HS1 had no impact on cortical stiffness of either immature or mature BMDCs. In contrast, mature WASp knockout BMDCs were significantly less stiff than WT controls. This difference mirrors that seen after inhibition of Arp2/3 complex by CK666, suggesting that WASp is the primary activator of Arp2/3 complex-dependent changes in cortical stiffness. The defect in WASp knockout DCs was observed only after maturation; immature WASp knockout DCs did not differ in stiffness from WT controls. This is consistent with our finding that the stiffness of immature DCs is unaffected by actin depolymerizing agents. Taken together, these results show that activation of formin and WASpdependent actin polymerization pathways, and to a lesser extent increased myosin contractility, all contribute to the increased cortical stiffness of mature DCs. 
The increased stiffness of mature DCs enhances their ability to prime T-cells
Our hydrogels assays showed that T-cell activation is enhanced by changes in stiffness over the range observed during DC maturation. This finding strongly suggests that cortical stiffness is a biophysical mechanism by which DCs control T-cell activation. To test this directly, we sought conditions under which we could manipulate the stiffness of mature DCs. We took advantage of our finding that mature WASp knockout BMDCs are approximately 20% softer than WT controls ( Figure 5A ; Figure 6A shows absolute values). To generate DCs that are stiffer than WT-cells, we transduced BMDCs with a constituently active form of WASp (I294T, CA-WASp 48 ). As shown in ). Although we tried several strategies aimed at generating DCs a cortical stiffness of 8kPa or higher, we were unable to do so. Thus, we have been unable to directly test the effects of increasing DC stiffness above the range we observe after maturation with LPS. Within the range that we have been able to test, our results show that T-cells respond to the stiffness of DCs much as they do to artificial stimulatory surfaces, supporting the idea that maturation-induced increases in DC stiffness contribute to the enhanced ability of mature DCs to prime a T-cell response. 
DISCUSSION
Recent work from several labs clearly shows that T-cell activation involves mechanical cues. We have previously shown that the DC cytoskeleton constrains the mobility of stimulatory ligands on the DC surface, thus enhancing T-cell activation by opposing the forces exerted by the T-cell on the corresponding receptors 30 . In the current study, we elucidate a second mechanism whereby the DC cytoskeleton enhances T-cell activation. We show that actin remodeling during DC maturation increases the cortical stiffness of DCs by 2-3 fold, and that T-cell activation is enhanced by increases in stiffness over the same range. Importantly, increased stiffness lowers the threshold dose of TCR ligand needed for T-cell activation, as expected if substrate stiffness serves as a costimulatory signal. Stiffness sensitivity was conserved in naïve CD4 + and CD8 + Tcells, as well as in effector CD8 + T-cells. Moreover, we observed a similar response to stimulation through CD3 and pMHC-II. Taken together, these results indicate that stiffness sensitivity is a general feature of T-cell biology.
Modulation of actin architecture has long been appreciated as an essential feature of DC maturation. Changes in the DC actin cytoskeleton facilitate the transition from highly endocytic tissue-resident cells to migratory cells specialized for antigen presentation 27, 41 . Our findings reveal a new facet of this process. We show that immature DCs are very soft, and that upon maturation, their cortical stiffness is increased by 2-3 fold. This is true for both cultured BMDCs used microplate rheology. Since different methods for measuring cell mechanical properties produce absolute Young's modulus values that can vary by as much as 100 fold 50 , it seems likely that the apparent discrepancy in absolute values stems from technical differences between the two studies. Nevertheless, it is clear from both studies that the stiffness of the DC cortex is modulated during maturation.
We show that the increase in DC stiffness depends on changes in actin architecture; whereas depolymerization of actin filaments does not affect the stiffness of immature DCs, it does perturb the increase associated with maturation. In particular, this increase is sensitive to inhibitors of actin polymerizing molecules. While it remains to be determined exactly which actin regulatory pathways control cortical stiffness in mature DCs, our data show that both Arp2/3 complex and formins are involved. Moreover, we find that DCs lacking the Arp2/3 activator WASp are abnormally soft. In keeping with these findings, DC maturation is known to induce changes in the activation state and localization of Rho family GTPases, especially Cdc42, a molecule that can activate both WASp and formins 28, 29, 51 . Since the overall levels of active Cdc42 are diminished during DC activation, it seems likely that the observed increase in cortical stiffness results from relocalization of the active pool.
Importantly, we show that DC cortical stiffness is a cell intrinsic property that is unaffected by substrate stiffness. In this respect, DCs are different from other cell types that adapt their stiffness to differences in substrate compliance 13, 35 . The ability of DCs to maintain constant stiffness despite changing environmental cues is reminiscent of previous work showing that DCs rapidly change their method of locomotion in order to maintain consistent migration speed and shape while crossing over different surfaces 52 . This behavior has been proposed to allow DCs to pass through tissues with widely different mechanical properties. In the same way, we propose that the ability of DCs to regulate cortical stiffness as a function of maturation state in spite of environmental cues reflects the importance of this property for priming an appropriate T-cell response.
A central finding of this paper is that T-cell priming is sensitive to changes in stiffness over the physiologically relevant range, as defined by immature and mature DCs (1 -8 kPa). Importantly, by using a matrix of different hydrogels and anti-CD3ε concentrations, we found that stimulatory substrates with lower stiffness required higher concentrations of anti-CD3ε to achieve T-cell activation. Similarly, when compared to WT DCs, softer WASp knockout DCs required higher concentrations of OVA peptide to induce the same level of proliferation.
Therefore, we propose that stiffness is a novel costimulatory mechanism that, similar to CD28 36 , lowers the threshold for T-cell activation.
Since increasing cortical stiffness is part of DC maturation, stiffness may present a new signaling mechanism by which DCs not only modulate activation but also control T-cell fate and differentiation. Bufi et al. showed previously that human monocyte-derived DCs responding to different maturation signals vary in their stiffness 49 . Interestingly, they found that treatment with the tolerizing cytokines TNF and prostaglandin E2 actually resulted in DCs that were softer than immature cells. Tolerogenic DCs exhibiting partially immature phenotypes have been shown to induce differentiation of regulatory T-cells [53] [54] [55] . This effect is usually attributed to low expression of T-cell ligands or cytokines, but based on our data, we propose that biophysical properties of the DC cortex also play a role. Thus, it will be important going forward to ask how DC stiffness is modulated in response to pro-and anti-inflammatory stimuli, and whether this further shapes T-cell responses.
While the primary focus of this study is on T-cell stiffness responses at the low end of the range Two previous studies have addressed the role of substrate stiffness on naïve T-cell activation, but both were conducted using substrates with stiffnesses higher than those we have measured for DCs. Moreover, the results of the two studies were contradictory. Judokusomo et al. 21 stimulated mouse T-cells with acrylamide surfaces ranging from 10-200 kPa. Consistent with our findings, they concluded that stiffer substrates induce more activation. In contrast, O'Connor et al. 22 stimulated human peripheral blood T-cells with PDMS surfaces ranging from 50-10,000 kPa, and found that stiffer substrates diminished T-cell activation. The basis for this difference is unclear due to numerous technical differences. One possibility is that on very stiff surfaces, T cells are driven so strongly that viability decreases. Alternatively, the biophysical properties of blood and tissue-derived lymphocytes may be distinct, as these cells encounter very different mechanical environments. Studies aimed at resolving these questions are underway in our lab.
The observation that T-cells respond to APC stiffness is best understood in the context of evidence that TCR signaling involves force transduction. T-cells exert force on the interacting APC through the TCR complex [3] [4] [5] [6] [7] , with the amount of force corresponding to APC stiffness 4, 5 .
Though the details are controversial, there is evidence that force applied on the TCR induces conformational changes that trigger signaling [10] [11] [12] . Apart from being a requirement for activation 7, 8 , force transduction has been shown to promote peptide discrimination by influencing bond lifetimes 9, 10 . Importantly, it appears that the TCR's ability to sense stiffness is closely related to its ability to transduce force-dependent signals during T-cell-APC interaction. Indeed, there is evidence that signaling downstream of TCR engagement is increased on stiffer substrates 21 and that the location of early tyrosine phosphorylation events corresponds to sites of maximum traction force 6 . We propose that stiffer substrates allow T-cells to exert more force through TCR interactions, and consequently induce more effective signaling. This accounts for the costimulatory property of substrate stiffness on T-cell activation.
We find that both naïve and effector T-cells exhibit stiffness-dependent responses. Since DCs increase their cortical stiffness during maturation, a stiffness dependent mechanism for naïve Tcell priming makes biological sense. Effector T-cells, however, interact with a variety of APCs. In particular, cytotoxic CD8 + T-cells are expected to kill any infected cell throughout the body with no stiffness bias. Nevertheless, we found that degranulation of effector CD8 + T-cells is dependent on substrate stiffness, though the relevant range is higher than that observed for naïve T-cell priming. Similarly, Saitakis et al 24 . have shown that restimulating CD4 + effector Tcells on surfaces of different stiffness induces differential expression of hundreds of genes, as well as a stiffness dependent secretion of INFγ and TNFα 24 . Thus, stiffness sensitivity is a general feature of all T-cells tested. This behavior most likely reflects the fact that mechanosensing is an obligate component of the feedback loop that underlies force-dependent TCR triggering. 
MATERIALS AND METHODS
Key Resource
Inhibitors, reagents and antibodies
Cytochalasin-D and Latrunculin-B were from EMD Millipore, (S)-nitro-Blebbistatin was from Cayman chemical. CK666 was from Calbiochem, and Y27632 and SMIFH2 were from Sigma-Aldrich. I-A b OVA peptide MHC-II complexes (pMHC) were provided as biotinylated monomers by the NIH tetramer core. Flow cytometry antibodies: rat anti-CD4 APC/APC-Cy7, rat anti-CD8a APC/PE-Cy7, were all from BioLegend. Surface coating antibodies: Armenian hamster anti-CD3ε (clone 2C11), and Armenian hamster anti-CD28 (Clone PV1) were from BioXCell. Anti-CD86 CF555 was made by conjugating purified rat anti-CD86 (BioXCell) with CF555 conjugated dye from Biotium as per the manufacturers protocol.
Mice
All mice were housed in the Children's Hospital of Philadelphia animal facility, according to guidelines put forth by the Institutional Animal Care and Use Committee. C57BL/6 mice (WT)
were purchased from Jackson Labs. HS1-KO mice on the C57BL/6 background have been previously described 56 
Cell culture
Unless otherwise specified, all tissue culture reagents were from Invitrogen/Life Technologies.
GM-CSF was produced from the B78H1/GMCSF.1 cell line 59 . HEK-293T cells (ATCC) were cultured in DMEM supplemented with 10% FBS, 100 μg/ml penicillin/streptomycin, 2mM
GlutaMAX, 25mM Hepes and 0.1mM NEAA.
Generation of bone marrow derived dendritic cells (BMDCs) was performed using the method of 
Flow Cytometry
All cells were stained with Live/Dead aqua (ThermoFisher) following labeling with appropriate antibodies in FACS buffer (PBS, 5% FBS, 0.02% NaN3, and 1 mM EDTA). Flow cytometry was performed using an LSR-II or LSR-Fortessa cytometer (BD) and analyzed using FlowJo software (FlowJo LLC). T-cells were gated based on size, live cells, and expression of CD4 or CD8 (depending on experiment). DCs were incubated for 10 min on ice with the Fc blocking antibody 2.4G2 prior to staining. DCs were gated based on size, live cells, and CD11c expression. Mature
DCs were further gated based on high expression of MHC-II, CD86 and CD80.
Preparation of stimulatory beads for "trans" activation assays
Anti-CD3ε and anti-CD28 antibodies were biotinylated using EZ-link sulfo-NHS biotin (ThermoFisher). Streptavidin-coated polystyrene beads 6-8 µm in diameter (Spherotech) were then coated with 3 different concentrations of biotinylated antibody: bead saturation (defined by manufacturer), a ten-fold dilution and a hundred-fold dilution. After coating, beads were washed 3 times by gentle centrifugation and blocked by incubation in full T-cell media.
T-cell activation on stimulatory gel surfaces
Hydrogel surfaces spanning a stiffness range of 1 -25 kPa were obtained from Matrigen. 
Cytotoxic T-cell degranulation assays
Assays were conducted on day 8 or 9 of culture. 2x10 5 CTLs were plated onto surfaces coated with various concentrations of anti-CD3ε in the presence of 2 µg/mL PE-conjugated anti-CD107a. After 3 hr of re-stimulation, CD107a labeling was quantified by flow cytometry. Cells were gated based on size, live cells, and expression of CD8 + . CD107a mean fluorescence intensity (MFI) was extracted using FlowJo.
T-cell priming assays
Priming assays were carried out in round bottom 96 well plates. 50x10 3 LPS-matured BMDCs were plated in each well and pulsed with OVA323-339 peptide at various concentrations (0.1 -1 µg/ml). 1.5x10 5 CFSE stained, OT-II CD4 + T-cells were added to each well and allowed to activate for 68-72 hr. Cells were then harvested and analyzed using flow cytometry.
Atomic force microscopy (AFM)
All experiments were carried out at room temperature using a Bruker Bioscope Catalyst AFM mounted on a Nikon TE200 inverted microscope. Micro-indentation measurements were made with a spherical tip from Novascan. The tip was comprised of a 1 µm silicon dioxide particle mounted on a silicon nitride cantilever with a nominal spring constant of 0.06 N/m; each cantilever was calibrated using the thermal fluctuation method. The AFM was operated in fluid contact mode, at a 2 Hz acquisition frequency. Total vertical cantilever displacement was set to 5 µm, producing a maximal approach/retraction speed of ~20 µm/sec. Maximal deflection (Trigger threshold) was adjusted for each cantilever to apply a maximal force of 6 nN on the measured cell (e.g. for a 0.06 N/m cantilever, the trigger threshold was set to 100 nm). The actual indentation depth was ~1.5 µm depending on the measured cell stiffness (Figure 1 -Supplement Figure 2 ). Analysis of force-distance curves was carried out using the Nanoscope Analysis software (Bruker). The Young's modulus was extracted using the Hertzian model for spherical tips with a contact point-based fitting on the extend curve data. For each individual cell, two separate measurements were conducted at different locations near, but not directly over, the nucleus. The reported cell stiffness value represents the average between these independent measurements. Note that when measurements of cortical stiffness were made over the nucleus, no significant differences in Young's modulus values were found (not shown).
To measure BMDC stiffness, 1x10 5 cells (untreated or LPS matured) were seeded onto a Poly Llysine coated surfaces (coverslips or hydrogels) and allowed to spread for 4 hr at 37°C, 5% CO2.
Prior to data acquisition, cells were incubated for 10 min with the Fc blocking antibody 2.4G2, washed and stained for CD86 for 20 min, then washed and mounted on the AFM. All antibody incubations and data acquisition steps were performed in L-15 media (Gibco) supplemented with 2mg/ml glucose. For treated cell measurements, drugs [Latrunculin-B (10 µM),
Cytochalasin-D (10 µM), s-nitro-Blebbistatin (50 µM), Y27632 (25 µM), CK666 (100 µM), or SMIFH2 (10 µM)] were pre-incubated with the cells at 37°C, 5% CO2 for 30 min prior to Fc blocking and maintained in the cultures throughout staining and data acquisition.
Statistical Methods
All datasets were subjected to outlier analysis prior to execution of statistical testing. Outliers eleted from the dataset. Testing for a statistically significant difference between experimental groups was done using an unpaired one-way ANOVA test with a post-hoc Tukey correction for multiple comparisons.
Throughout the paper, experiments are biological repeats and not technical replicates. For BMDC assays, a single experiment constitutes measurement of multiple cells from a fresh DC cell culture, starting from frozen or freshly harvested bone marrow. For splenic DCs, a single experiment constitutes measurement of multiple cells freshly purified from the spleen of a single mouse. In each experiment, WT or untreated cells were measured side by side with treated cells as a standard control. For T-cell assays, a single experiment constitutes cells freshly purified from spleen and lymph nodes of a single or multiple mice. All CFSE dilution assays were executed in technical duplicates, although a single data set is presented. When needed, figure legends describe the quantity of technical repeats used in an experiment.
